Abstract Face-centered-cubic Ni single crystal was compressed along [011] direction at a strain rate of 10 3 s -1 , and microscopic characterization of slip bands was analyzed to investigate dynamical deformation mechanism of the Ni single crystal. By analyzing Schmid Factor and orientation of slip bands, the specific slip planes were revealed. Furthermore, by analysis of Schmid Factors and dimensions of the deformed sample, the slip directions are revealed, and the ratio of the slipping-induced displacement (D-ratio) related to each slip system were determined. . Moreover, the quasi-static compression experimental results show the same slip systems, and the calculated slipping-induced displacement related to above 4 slip system have a ratio of nearly 1:3.8:3.8:1 under quasi-static compression. Thus, in a considerable strain rate range from 10 -3 to 10 3 s -1 , the activated slip systems and the ratio of their corresponding slipping-induced displacement are the same. However, experimental results show that, the slip bands on side surface of Ni single crystal subjected to dynamic compression is denser than that of the quasi-static compressed sample, indicating that the slip bands are formed more easily under dynamic loading condition.
Abstract Face-centered-cubic Ni single crystal was compressed along [011] direction at a strain rate of 10 3 s -1 , and microscopic characterization of slip bands was analyzed to investigate dynamical deformation mechanism of the Ni single crystal. By analyzing Schmid Factor and orientation of slip bands, the specific slip planes were revealed. Furthermore, by analysis of Schmid Factors and dimensions of the deformed sample, the slip directions are revealed, and the ratio of the slipping-induced displacement (D-ratio) related to each slip system were determined. For comparison, quasi-static compression (at a strain rate of 10 -3 s -1 ) along [011] direction was conducted to a same Ni single crystal sample. Results show that the dynamic deformation process (at a strain rate of 10 3 s -1 ) of Ni single crystal is accomplished via dislocation slip, and the activated slip systems under dynamic loading are proved to be (111) ½ 110, (111) ½ 101, ð 111Þ [110] and ð 111Þ [101] . Moreover, the quasi-static compression experimental results show the same slip systems, and the calculated slipping-induced displacement related to above 4 slip system have a ratio of nearly 1:3.8:3.8:1 under quasi-static compression. Thus, in a considerable strain rate range from 10 -3 to 10 3 s -1 , the activated slip systems and the ratio of their corresponding slipping-induced displacement are the same. However, experimental results show that, the slip
Introduction
The plastic deformation behavior of single crystals has attracted much attention, for it is a good start to investigate materials with a simple microstructure to uncover the deformation behaviors and mechanisms. To date, extensive research papers about the quasi-static deformation behaviors and mechanisms of single crystals such as Ag [1] , Cu [1] [2] [3] , Nb [4, 5] , Mo [6] , Mg [7] , Ti [8] , Ni [9] and others [10] have been reported. Among these reports, a relatively clearer understanding of deformation mechanisms of single crystals under quasi-static loading condition has been obtained, and in-depth studies were carried out on the deformation inhomogeneity, microtexture development, strain hardening together with the formation and development of bands. However, in the field of dynamic deformation of single crystals, though there are lots of simulation studies [11] [12] [13] [14] , experimental researches are relatively less. According to the results, it seems that the extant of strain rate effect of single crystals with various structures are significantly different. For instance, Ta, Mo and Ni single crystals are reported to show a really unobvious strain rate effect on dislocation nucleation [15, 16] , but Al [17] exhibits a strong strain rate effect on mechanical properties, while the dominate deformation mechanism of Mg [18] is greatly influenced by strain rate.
Thus, strain rate may play a great role in deformation process, and the dynamic deformation of single crystal may have significant difference with the quasi-static one. However, based on the studies mentioned before, the existent researches about the dynamic deformation of single crystals are mostly focused on the strain rate effect of mechanical properties or competition between twinning and dislocation slip, but studies about dynamic deformation mechanism and the relative slip systems or twinning systems are relatively less. Since the research about dynamic deformation mechanism of single crystals plays an important role in thoroughly reveal and predict the deformation mechanisms of polycrystalline materials, in this work, Ni single crystal, which owns a typical FCC crystal structure, is select for investigation.
Ni is a FCC metal material with good ductility, and Ni alloy is widely used as structure material in high temperature environment. In the field of deformation process of Ni and Ni-based single crystal, lots of Refs. [19] [20] [21] [22] are focus on Ni-based super-alloy single crystal, but researches [9, 23, 24] about FCC Ni single crystal are relatively less. Owing to the completely different crystal structures, the deformation mechanism of FCC Ni single crystal is greatly different from that of Ni-based super-alloy single crystal, and the dynamic deformation mechanism of FCC Ni single crystal still lacks a systematically study. Grain fragmentation have been observed in polycrystalline Ni deformed under high strain rate [25] , but no experimental study reports the dynamic deformation process or mechanism of FCC Ni single crystal. In previous works about the deformation mechanisms of FCC Ni single crystals, attention has been directed towards the quasi-static deformation. In this field, Lychagin et al. [9] investigated the regularities of macro-and mecoscale deformation of ½ 111 nickel single crystals with different shapes, and then determined the strain localization factors. According to his research, the regions of deformation macrobands and folds are not localized in the area having the most of strain, and the deformation of specimen is inhomogeneous. However, the formation plane and direction of the macrobands, folds and shear traces were not explicitly pointed out. Besides, Chen [23] mechanism under quasi-static loading condition is dislocation slip, and a definite analysis of slip systems was given, but the slipping-induced displacement related to each slip system is not analyzed. In the past studies, the activated slip systems can be proved, but whether the activated slip systems have the same contribution to deformation or not have not been taken seriously. In other words, till now, the ratio of the slipping-induced displacement (named as ''D-ratio'' for short) related to each slip system is still not clear. Apart from the unsettled question of the quasi-static deformation process of FCC Ni single crystals, the dynamic deformation mechanism of Ni is unknown because of the lack of experimental study.
In conclusion, several problems towards the deformation mechanisms of Ni single crystal remain unsettled. Firstly, whether dislocation slip is still the deformation mechanism of Ni single crystal under high strain rate? Secondly, even if dislocation slip is the deformation mechanism, it is not sure that the specific activated slip systems and their D-ratio under dynamic loading are the same as that under quasi-static condition.
In the present paper, FCC 
Experimental
FCC Ni single crystal samples with a purity of 99.99 % were sectioned into 3 same cubes followed by electropolishing. Before compression, EBSD (Electron Backscattered Diffraction) was carried out using a field emission gun scanning electron microscope HITACHI S4800 on the side face for orientation analysis. The EBSD data was analyzed using the commercially available TexSem Laboratory's OIM software. Then, Fig. 1a, b show the lateral view and top view of the original FCC Ni single crystal sample with a dimension of 5 9 5 9 5 mm, and Fig. 1d , e are the inverse pole figure (IPF) and image quality (IQ) with a step size of 50 nm of a side surface as illustrated in Fig. 1c . From Fig. 1d , e, it can be confirmed that the sample has a single-crystal structure, and the crystal orientation of the three mutually perpendicular surfaces are (011), ð1 11Þ and ð 2 11Þ, respectively. According to the surface orientation of the cubic sample, a particular three dimensional coordinate system for sample is established. The origin of this sample coordinate is selected to be Vertex O, and the Axes of the sample coordinate are perpendicular to the surfaces of cubic sample. Thus, the X 0 , Y 0 and Z 0 Axes are parallel to ½ 2 11 ½1 11, and [011] direction of the crystal, respectively, as shown in Fig. 1c .
Dynamic compression experiment was conducted to a Ni single crystal along Z 0 Axis of the sample coordinate ([011] direction of the crystal coordinate) utilizing a Split Hopkinson Pressure Bar (SHPB) at room temperature, and the schematic sketch of SHPB is illustrated in Fig. 2a . The strain rate was about 3000 s -1 , and the strain was controlled by using a stopper ring, as shown in Fig. 2b . During the first round of loading pulse of SHPB experiment, the sample deforms to the same height of the stopper ring, and the stopper ring begins to bear the loading. After that, the stopper ring can prevent the sample from a subsequent deformation and ensure that the sample was compressed only once. In this work, the strain of the first single crystal sample was controlled to be 0.4. In order to investigate whether the slip systems and their corresponding D-ratio are influenced by the strain, a dynamic compression experiment was conducted along [011] to a same Ni single crystal until strain reached 0.12. For comparison, a quasistatic compression loading was applied to the third single crystal sample along the same direction of [011] until strain reached 0.4 at strain rate of 10 -3 s -1 . Since all the surfaces of samples were electro-polished, the orientation analysis of deformed sample can be taken directly by EBSD, and the slip bands on the side surface were observed by SEM.
According to SEM micrographs of the slip bands on the side faces, the specific slip planes were analyzed. It is necessary to note that all of the calculations are based on the theory that two slip bands located in two adjacent sides respectively form only one plane. This specific plane is the slip plane. The detailed method for analyzing slip planes is illustrated below. Figure 3a is a sketch of slip bands on two side faces of the deformed sample, and the relationship between slip bands and the particular 3D Coordinate System of the sample is shown in Fig. 3b . If the normal vector of the slip plane is p, the geometrical relationship between the slip plane and slip bands in Fig. 3 can be deduced as follows:
: ð1Þ
Using formula (1)- (3), the slip plane can be identified. It should be noted that, because the slip bands on the side surface show a step feature, the measurement of a and b in Fig. 3a must be taken on the step instead of orientation of the whole slip band. Then, the slip direction and the D-ratio of each slip system are determined by a comprehensive analysis including Schmid Factor and the changes of sample dimensions after deformation.
Results and Discussion
The Dynamic Deformation Mechanism After dynamic compression, the single crystal sample deforms into right parallelepiped, as shown in Fig. 4 . The dimension of the deformed sample is illustrated in Fig. 5 . It is obviously that the loading surface of the sample (marked as red in Fig. 5a ) turned into parallelogram, and the deformed sample was symmetric about the loading direction. Moreover, EBSD results show that the deformed sample keeps a single crystal structure, and the measuring face has same crystal orientations as the original one. Furthermore, according to EBSD results, there is no twinning observed in the deformed crystal, indicating that twinning is not the deformation mechanism.
As mentioned before, the polished surfaces of the sample were observed by SEM after dynamic compression. Figure 6 is the SEM photographs and diagrammatic sketch of the slip bands on the side surfaces of the dynamically deformed Ni single crystal. As shown in Fig. 6b , e, there are a large number of slip bands densely spreading on both ð1 11Þ and ð 2 11Þ side surfaces. Thus, dislocation slip is proved to be the deformation mechanism of Ni single crystal. 
The Analysis of Slip System
It is well known that Ni is apt to deform along {111} h110i at strain rate of 10 -3 s -1 [26] , and other research proved that, 1/6{111} h112i and {111} h110i are the easiest nucleation slip systems of Ni single crystal. Thus, 1/6{111} h112i and {111} h110i are considered to be the slip system under 10 -3 s -1 loading condition. In this research, the strain rate of compression loading is 10 3 s -1 , and the slip system of Ni single crystal under high strain rate may change. Figure 6b is the SEM photograph of the ð1 11Þ side surface of the dynamic deformed specimen (marked in yellow in Fig. 6a ). It is obviously that there are two groups of slip bands on the ð1 11Þ side surface along different orientations. According to a statistic study, all of the slip bands are at nearly 60°to the loading direction. Similarly, two groups of slip bands are observed on the ð 2 11Þ side surface (marked in purple in Fig. 6e) , and the angle between slip bands and loading direction ([011]) is about 67.8°, as shown in Fig. 6f . As stated before, two slip bands located in two adjacent sides respectively can form only one specific plane, which is the slip plane. Combined with formula (1) 3 . Thus, all these 6 slip systems have a probability to be activated. As can be seen that the slip planes of above 6 slip systems belong to (111) and ð 111Þ, which are corresponding to the slip planes analyzed by experimental results in the present work. However, the slip direction and the D-ratio of the slip systems are still unclear. Therefore, the next work is analyzing the direction of the dislocation slip system and the D-ratio of slip systems.
The direction of slip system is analyzed by dimension changes between the original and deformed sample. For convenience, all the crystallography vectors should be transformed into the sample coordinate system. The relationship between crystallography coordinate system (X 0 Y 0 Z 0 ) and sample coordinate system (X 0 Y 0 Z 0 ) is shown in Fig. 7 where cos a 1 cos 
For the sample coordinate system established in this 
Results show that, the displacement vector caused by the unit length displacement along ½ 110 within (111) In this work, the deformation process is under a planar constraint condition. Due to the friction on the loading surface, deformation between the center part and surface of the sample may have some differences. We select point O to be the origin point of the sample coordinate system, and point A is selected to make a general analysis of the slip systems and their corresponding D-ratio, as illustrated in respectively. Therefore, u:v:w:t in fact presents the D-ratio of the 4 slip systems listed before. To point A, the displacement vector is
According to the experimental result, when the sample was dynamic compressed with a strain of 0.4, the measured displacement vector of point A in the sample coordinate system (as shown in Fig. 8 
Then, it can be calculated that 
Combining Eq. (9) In order to make sure that the slip systems and their corresponding D-ratio are not influenced by the strain, a Ni single crystal was dynamic compressed until strain reach to 0.12 along [011] at a strain rate of 10 3 s -1 . Figure 10 shows dislocation lines on the ð1 11Þ side surface of the dynamic deformed sample with a strain of 0.12 and 0.4. It can be observed that, when the strain is about 0.12, there are less slip bands along two orientations, though one group of slip bands is not very clear. The angle between slip bands on the ð1 11Þ side surface and loading direction of the sample with a strain of 0.12 is 60°, and the angle It is evidently that the sample remains a single crystal structure after quasi-static compression. It can be observed that, the crystal orientation of the quasi-static deformed crystal is corresponding to original sample. Moreover, the dimension of the quasi-static deformed sample is the same as that of dynamic deformed sample. Figure 13 shows the slip bands formed on the side surface of the quasi-static deformed sample. The slip bands have the same orientations as that formed under dynamic loading condition, which are nearly 60°with the loading axis on the ð1 11Þ side face and about 67.8°with the loading axis on the ð 2 11Þ side surface. Therefore, under quasi-static condition, FCC Ni single crystal deforms by the same slip planes (111) and ð 111Þ as that under dynamic compression condition. Moreover, the quasi-static deformed sample has the same dimensions as that subjected to dynamic compression. Thus it can be concluded that the sample deforms along the same slip direction and has a same D-ratio of slip systems as that under dynamic compression. However, when further analysis is done, some distinctions are observed. Figure 14 compares the appearance of slip bands on the side surface of both dynamic deformed sample and the quasi-static one. Although Ni single crystal deforms by the same slip systems, and dynamic and quasi-static compressions cause the same D-ratio of slip systems, the slip bands formed under dynamic loading condition are denser and straighter than that formed under quasi-static condition, and the average separation distance (about 1.2 lm) of slip bands formed under dynamic condition is half of that under quasi-static condition (about 0.6 lm). The denser slip bands formed under dynamic condition indicate that the formation of slip band is easier under high strain rate condition, which show qualitative agreement with cross-slip simulations made by Wang et al. [27] . In other words, higher strain rates tend to increase the rate of band formation, but not change their structure [28] . In order to study the strain rate effect, the dynamic and quasi-static compression mechanical properties were investigated. Figure 15 shows the dynamic and quasi-static stress-strain curves of Ni single crystals, and it can be observed that Ni single crystal exhibits a little higher flow stress under dynamic loading condition, indicating an unobvious strain rate effect. This unobvious strain rate effect can be attributed to the same slip systems and the same corresponding D-ratio under both dynamic and quasistatic loading condition. The slightly enhanced flow stress under dynamic compression condition can be attributed to the effect of strain rate on movement of dislocation: the Peierls-Nabarro stress is increased with the increasing strain rate, leading to a larger driving force under dynamic condition.
In conclusion, under dynamic and quasi-static compression condition, the activated slip systems and their corresponding D-ratio of Ni single crystal are the same, but the density of slip bands on the side surface is different, indicating that higher strain rates tend to increase the rate of band formation. Moreover, Ni single crystal shows unobvious stain rate effect, which can be attributed to the same slip systems and same D-ratio of slip systems, while the larger driving force (the Peierls-Nabarro stress) of the dislocation under dynamic loading condition lead to a little higher flow stress.
Based on above results, it can be anticipated that, in a considerable range of strain rate (from 10 -3 to 10 3 s -1 ) FCC Ni single crystal deforms via dislocation slip with the same slip systems and same D-ratio of slip systems. However, it does not mean that other FCC single crystals also have the same deformation mechanism under different strain rate. In the field of dynamic deformation of single crystals, there are still many questions need to be studied, such as the effect of temperature, loading direction and stress state on single crystals with different crystal structures subjected to higher strain rate loading. Deeper insights into the dynamic deformation mechanisms of single crystals are of great value to the analysis and prediction of deformation mechanisms and mechanical behaviors of polycrystalline materials. For comparison, quasi-static compression along the same direction with same strain was conducted to a same Ni single crystal. Results show that under quasi-static loading condition, the deformation mechanism of FCC Ni single crystal is also dislocation slip, and the slip systems and their corresponding D-ratio are the same as that under dynamic loading condition. Owing to the same slip systems and same corresponding D-ratio under both dynamic and quasi-static compression, FCC Ni single crystal shows unobvious stain rate effect. However, under dynamic loading condition, the slip bands on the side surface are denser than that under quasi-static condition, indicating that the formation of slip band is easier under high strain rate condition. 
Conclusion

